The Laoshan forest is the largest forest in Nanjing, and it plays an important role in water resource management in Nanjing. The objectives of this study are to determine if the temperature vegetation dryness index (TVDI) is suitable to estimate the soil moisture and if soil moisture is significantly affected by tree species in the Laoshan forest. This paper calculated the spatial distribution of TVDI using LANDSAT-5 TM data. Sixty-two observation points of in situ soil moisture measurements were selected to validate the effectiveness of the TVDI as an index for assessing soil moisture in the Laoshan forest. With the aid of the three different temporal patterns, which are 10 January 2011, 18 May 2011 and 23 September 2011, this paper used the TVDI to investigate the differences of soil moisture under four kinds of mono-species forests and two kinds of mixed forests. The results showed that there is a strong and significant negative correlation between the TVDI and the in situ measured soil moisture (R ). This means that the TVDI can reflect the soil moisture status under different tree species in the Laoshan forest. The soil moisture under these six types of land cover from low to high is listed in the following order: Eucommia ulmoides, Quercus acutissima, broadleaf mixed forest, Cunninghamia lanceolata, coniferous and broadleaf mixed forest and Pinus massoniana.
Introduction
Soil moisture is a very important variable of the climate system, as it controls numerous processes and feedback loops within the climate system. It is of major relevance for the global water, energy and carbon cycles [1] . Increased climate change is altering the global water cycle and affecting the amount of water available for tree species. Differences in soil water content of tree species are becoming increasingly important to identify with global climate changes [2] . The Laoshan forest is the largest forest in Nanjing. In addition, with the rapid growth of the economy and urban population, the problem of supply and demand for water in Nanjing has become increasingly important over the past several decades [3] . Therefore, knowledge of the state of soil moisture for different tree species over time in the Laoshan forest is essential for a wide range of meteorological and hydrological applications, such as weather and climate prediction, terrestrial carbon cycle simulation, water management and policy planning.
There are many different techniques for in situ soil moisture measurement under tree species, such as the gravimetric method, neutron probe, heat dissipation sensor, time domain reflectometry (TDR), frequency domain reflectometry (FDR), etc. [4, 5] . However, in situ soil moisture measurements are cost intensive and require major efforts to be put in place. As a result, only a few in situ soil moisture measurement networks are available. In addition, it is often questioned whether the point measurements for regional applications are representative [6, 7] .
Remote sensing is currently in a strong position to provide meaningful spatial and temporal data for use in soil moisture investigations. Over the past 40 years, substantial research has been carried out to retrieve soil moisture using remotely-sensed observations [8] , but little research focused on investigating the differences of soil moisture under different tree species. Therefore, this paper investigates the suitability of remote sensing for estimating the soil moisture of different tree species in the Laoshan forest. In this study, the accuracy of estimated soil water content under different tree species is investigated with the aid of three different temporal patterns.
The normalized difference vegetation index (NDVI) can monitor vegetation status and stress, specifically in relation to water stress, and the forest canopy temperature (Ts) will rise rapidly with water stress [9, 10] . The potential for obtaining soil moisture through the relationship between remotely-sensed Ts and NDVI has been investigated by several authors [9] [10] [11] . The slope of the Ts/NDVI curve is related to the evapotranspiration rate of the surface and is used to assess soil moisture conditions. Numerous studies focus on the slope of the Ts/NDVI curve for this purpose [12] . The scatter plots of Ts/NDVI space often result in a triangular shape [10, 13] or a trapezoidal shape [14, 15] .
Sandholt et al. [10] explored a simplified land surface dryness index, called the temperature vegetation dryness index (TVDI), based on an empirical parameterization of the relationship between Ts and NDVI. Following this, different satellite images have been used to demonstrate the potential of the TVDI for soil moisture estimation, such as the National Oceanic and Atmospheric Administration (NOAA) Advanced Very High Resolution Radiometer (AVHRR) images [10, 16] , Terra/Aqua Moderate-Resolution Imaging Spectroradiometer (MODIS) images [7, 8, [17] [18] [19] [20] and Thematic Mapper (TM) images [21] . The comparisons with soil moisture in situ measurements or model simulations show that the TVDI is feasible for monitoring soil moisture.
The scale effect is one of the very important scientific problems of remote sensing [22] , and it can increase uncertainty in soil moisture retrieval. LANDSAT-5 TM images have a higher spatial resolution (30-120 m) than Terra/Aqua MODIS (250-1000 m) images or NOAA-AVHRR (1100 m) images, so this study uses LANDSAT-5 TM images.
There are two objectives of this study: (i) to determine the suitability of TVDI for estimating the soil moisture in the Laoshan forest; and (ii) to determine if soil moisture is significantly affected by tree species. Three different temporal patterns of satellite images, 10 January 2011, 18 May 2011 and 23 September 2011, were selected in this study.
Study Area
The Laoshan forest is located in Nanjing Jiangsu Province in East China between 32°02′34ʺ and 32°09′54ʺ N latitude and 118°24′33ʺ and 118°41′15ʺ E longitude ( Figure 1 ). Its range is 35 km from east to west, and 15 km from south to north. The total area is 7493 ha. There are some water reservoirs in the Laoshan forest, and thematic maps of them were generated from the forest inventory organized by the Jiangsu Provincial Forestry Bureau in 2007. There are four kinds of mono-species and two kinds of mixed forests in the Laoshan forest. The tree species of these mono-species forests are Cunninghamia lanceolata, Eucommia ulmoides, Quercus acutissima and Pinus massoniana. The two kinds of mixed forests are broadleaf mixed forest and coniferous and broadleaf mixed forest. There are three different types of tree species in the broadleaf mixed forest, and they are Quercus acutissima, Celtis sinensis and Sophora japonica. The coniferous and broadleaf mixed forest mainly consists of the following five different types of tree species, which are Quercus acutissima, Pterocarya stenoptera, Celtis sinensis, Pinus massoniana and exotic pine. The areas of each land cover type in the Laoshan forest are presented in Table 1 . 
Methodology
This study uses a land surface dryness index called TVDI to estimate the soil moisture under different tree species in the Laoshan Forest. Figure 2 presents a flowchart of the soil moisture estimation of different tree species assessment. All steps will be discussed in detail below. 
Field Work
In order to carry out the analysis for different vegetation covers and different temporal patterns, sixty-two observation points of in situ soil moisture measurements were selected to ensure that each tree species had at least five observation points (see Figure 1 ). The method of TVDI is based on the feedbacks of soil moisture content to the forest canopy temperature. The soil moisture content within the root zone affects the plants' transpiration. With decreasing soil moisture content, the soil suction increases, the remaining soil moisture becomes less available for uptake by plant roots, the transpiration might thus become reduced and, then, the forest canopy temperature will increase [1] . Previous results showed that in the root zone of the soil profile, the relationships between the TVDI and soil moisture at depths of 0-20 cm of soil samples were closer than other depths [7, 17, 19, 23, 24] . Based on these previous results, for this study, volumetric soil samples (the volume of each soil sample is 100 cm 3 ) were collected 0-15 cm deep. The sample mass and volume were determined before and after oven drying (i.e., generally drying sample in an oven set at 105 degrees Celsius for 12 h) to determine gravimetric water content, bulk density and, hence, volumetric water content.
Satellite Image Processing
In this study, image rectification, including geometric rectification, radiometric calibration, solar zenith angle correction and atmospheric correction, has been accomplished using ENVI TM image processing software (Version 4.7). Radiometric calibration of Landsat-5 TM is based on the analysis of Chander et al. [25] . Atmospheric correction of Landsat-5 TM is accomplished using the ENVI FLAASH (Fast Line-of-sight Atmospheric Analysis of Hypercubes, FLAASH) model which is based on the MODTRAN4 RT model [26] .
Calculation of Normalized Difference Vegetation Index
NDVI is the observed normalized difference vegetation index, and it can be defined as:
where ρnir is the near-infrared band reflectance and ρred is the red band reflectance. In this study, NDVI was calculated using LANDSAT-5 TM Band 3 (the red band) reflectance and LANDSAT-5 TM Band 4 (the near-infrared band) reflectance.
Retrieval of Surface Temperature (Ts)
Qin et al. [27] developed a mono-window algorithm for retrieving surface temperature from LANDSAT-5 TM Band 6 data. Many researchers have validated the algorithm and have shown that the algorithm provides an RMSD value of 0.9-1.1 K [28] [29] [30] . Thus, this study uses this algorithm to obtain the Ts. The MODIS land surface temperature products (MOD11A1, Version 5) were used to validate the Ts. These data have been downloaded from the Land Processes Distributed Active Archive Center (https://lpdaac.usgs.gov/). The spatial resolution of the Ts products (MOD11A1) is 1 km; however, the spatial resolution of Ts that we retrieved is 120 m. In order to correspond to the spatial resolution of the MOD11A1 Ts products, this paper calculated the mean Ts of the 8 × 8 pixels. The validation results are shown in Figure 3 . The R 
Calculation of Temperature Vegetation Dryness Index
TVDI is a simplified land surface dryness index, which is based on an empirical formula of the relationship between Ts and NDVI, and only satellite-derived information is used in the method [10] . Therefore, the TVDI was used to estimate the soil moisture in the Laoshan forest. The scatter plots of the Ts/NDVI space often result in a trapezoidal shape [14, 15] . Figure 4 shows the conceptual Ts/NDVI space. Definition of the TVDI. The TVDI for a given NDVI is estimated using Ts, Tsmin and Tsmax (see Equation (2)).
In the trapezium, the upper sloping edge of the trapezium is defined as the dry edge, and the lower sloping edge is defined as the wet edge; they represent extreme conditions of soil moisture and evapotranspiration. The points closer to the dry edge reflect a much stressed surfaces, with lower soil moisture in the root zone and higher Ts in the surface [17] . On the dry edge, as the NDVI increases along the x-axis, the maximum Ts decreases, and stomatal resistance to evapotranspiration is a key factor, which is partly controlled by the limited moisture availability [10] . On the other hand, the wet edge consists of a group of points forming a horizontal line. On the wet edge, under no-water-stress conditions, the Ts is independent of the NDVI. For the points closer to the wet edge, the evapotranspiration capacity and soil moisture become higher.
For a given pixel, Tsmax are the values of Ts on the dry edge, respectively, for the value of the NDVI for that pixel. The TVDI is defined as [10] :
and it can be determined on a pixel-by-pixel basis. On the dry edge, Tsmax can be represented by straight line relations with the NDVI, i.e., as:
where the coefficients a and b can be determined by a least squares fit to the actual data.
In this paper, we used LANDSAT-5 TM images (Path 120, Row 32) for three different times of the year, 10 January 2011, 18 May 2011 and 23 September 2011, to determine the NDVI, Ts, Tsmin and Tsmax values.
Results and Discussion

Analysis of the Ts/NDVI Feature Space
The plots of Tsmin and Tsmax as a function of NDVI for the three scenes are shown in Figure 5 . The peak values of the dry edge are in the bare soil. With the increase of NDVI values, the peak values of the dry edge reduce because of the high rate of evapotranspiration from vegetation canopies. The amount of annual average rainfall in Nanjing is 1090.6 mm; approximately 55% of the annual rainfall is between May and August. Therefore, the soil water is sufficient for evapotranspiration by vegetation canopies on 18 May 2011 and 23 September 2011, and Tsmin decreases in line with NDVI increasing. There was precipitation on 17 September 2011, and the amount of rainfall was 16 mm; therefore, the slope of the dry edge and the wet edge on 23 September 2011 is greater than that on 18 May 2011. On 10 January 2011, Tsmin increases slowly in line with NDVI increasing. The reason for this phenomenon is that the precipitation of Nanjing from the autumn of 2010 to the spring of 2011 was less than normal and caused continuous drought [31] . As a result, the soil water supply cannot fully meet the needs for vegetation evapotranspiration in the forest with vegetation cover increasing, and the slope of the dry edge on 10 January 2011 is less than that on 18 May 2011 and 23 September 2011. Likewise, Tsmax is negatively correlated with NDVI and can be obtained through linear regression. In order to determine the parameters describing the dry and wet edges, the maximum and minimum temperatures observed for small intervals of NDVI are extracted in the Ts/NDVI space. The values of the coefficients in Equation (3) for the dry edges and wet edges for the three scenes have been determined and are given in Table 2 . Table 2 . Dry edges and wet edges in the Ts/NDVI space for the three scenes. 
Spatial Variation of TVDI
The TVDI of the Laoshan forest for the three different scenes has been calculated, and it is shown in Figure 6 .
On 23 September 2011, there was a small amount of cloud in the sky. The region covered by cloud was screened out and is represented in black in Figure 6c 
Comparison of TVDI with In Situ Measurements
The effectiveness of the TVDI as an index for assessing soil moisture was validated by systematically designed in situ soil moisture measurements for each land cover type (see Figure 1 ). Figure 7 shows the relationship between TVDI and the volumetric soil moisture at the observation points. On 23 September 2011, eleven observation points were of no use for validation purposes because of cloud, so only fifty-one observation points exist in Figure 7 . Linear relationships exist between soil moisture and TVDI, and the coefficients in the equation of the regression line:
where Mv is the volumetric soil moisture, in cm 3 /cm 3 , the coefficients e and f can be determined by a least squares fit to the actual data and are given in Table 3 for the three different scenes that we have analyzed.
In Figure 7 , soil moisture values plotted as a function of TVDI show higher TVDI values corresponding to lower soil moisture values. There is a significant negative correlation between the TVDI and the in situ measured soil moisture, and the standard errors of soil moisture estimation (SE) are low (SE = 0.015-0.041 cm Figure 8) . The mean of NDVI on 23 September 2011 is 0.61, and the mean of NDVI on 18 May 2011 is 0.54. This can reduce the sensitivity of the TVDI to soil moisture under high vegetation cover [7] . Table 3 . The coefficients e and f of the regression equation (see Equation (4) Earlier studies used TVDI to estimate soil moisture from different remote sensing data and produced different R 2 values. These different remote sensing data are NOAA-AVHRR images (R 2 = 0.23-0.81) [10, 16] and Terra/Aqua MODIS images (R 2 = 0.12-0.83) [7, 8, [17] [18] [19] [20] . Gao et al. [21] used LANDSAT-5 TM images, but they did not calculate R 2 values. For some studies, the R 2 between the TVDI and soil moisture is still low [8, 19] . The reason is that the TVDI values retrieved from remote sensing images suffer from scaling effects. For example, each pixel in the Landsat-5 TM image represents an area of 30 m × 30 m, but each observation point of in situ soil moisture measurement represents only a point on the soil surface, so the in situ measured soil moisture cannot ensure a perfect match with the corresponding pixel in the image. ). Therefore, we have used the regression equation between the TVDI and soil moisture in Table 3 to calculate the soil moisture for the area associated with each type. Histograms for all six types are shown in Figure 9 . Figure 9 . Histograms of the soil moisture under each type of land cover for the three scenes. Table 4 . Table 4 shows that the trends of soil moisture under the six types of land cover on 10 January 2011 are similar to those on 18 May 2011, and the mean values of soil moisture from low to high are listed in the following order: Eucommia ulmoides, Quercus acutissima, broadleaf mixed forest, Cunninghamia lanceolata, coniferous and broadleaf mixed forest and Pinus massoniana. However, on 23 September 2011, the mean value of soil moisture and variance under Eucommia ulmoides (mean = 0.2247, variance = 0.0014) is higher than that under Quercus acutissima (mean = 0.2198, variance = 0.0007). The reason for this phenomenon is that there was a small amount of cloud in the sky; although the region covered by cloud was screened out, the thin cloud also influences the accuracy of soil moisture estimation. According to Table 4 and Figure 9 , the soil water content under the six types of land cover from low to high is listed in the following order: Eucommia ulmoides, Quercus acutissima, broadleaf mixed forest, Cunninghamia lanceolata, coniferous and broadleaf mixed forest and Pinus massoniana.
Soil Moisture under Different Types of Land Cover
Conclusions
The present study used LANDSAT-5 TM images to explore the potential of TVDI in the Laoshan forest. The relationship between TVDI and volumetric soil moisture at the observation points is significant. Furthermore, this paper investigates the ability of the TVDI to capture temporal variations in surface moisture. The results are encouraging and show that the TVDI values on 10 January 2011 are higher than those on 18 May 2011 and 23 September 2011 because of the continuous drought in the winter of 2011. The TVDI values after precipitation are lower than for periods of no precipitation. Therefore, it is summarized that the TVDI, which is solely based on satellite observations, is feasible for monitoring soil moisture in the Laoshan forest, and it can reflect the soil moisture status for three different times of the year.
Over the last decade, local government and scientists have raised many concerns about the hydrological roles of forests, and most studies use forest resource survey data and mathematical simulations to estimate the spatial variation of water holding of the forest ecosystems [32] . However, forest resource survey data and mathematical simulations need a lot of in situ measurements and are cost-intensive. So far, substantial research has been carried out to retrieve soil moisture using remotely-sensed observations [6] , but little research focused on investigating the differences of soil moisture under different tree species. In this paper, an effort is also made to investigate the soil moisture under the six types of land cover via the TVDI with the aid of three different temporal patterns, and the soil moisture from low to high is listed in the following order: Eucommia ulmoides, Quercus acutissima, broadleaf mixed forest, Cunninghamia lanceolata, coniferous and broadleaf mixed forest and Pinus massoniana.
However, cloud cover seriously influences surface temperature retrieval and often limits the applicability of the TVDI for estimating soil moisture at a regional scale. The effects of scaling also have an impact on the accuracy of remotely-sensed soil moisture. Additional work using meteorological data and hydrological models, such as the soil water under forests (SWUF) model [33] , should be done to test and validate the robustness of the TVDI over large regions.
